Abstract-Wireless Gigabit (WiGig) access points (APs) using 60 GHz unlicensed frequency band are considered as key enablers for future Gbps WLANs. Due to its short range transmission with high susceptibility to path blocking, a multiple number of WiGig APs should be installed to fully cover a typical target environment. However, using autonomously operated WiGig APs with IEEE 802.11ad DCF, the exhaustive search analog beamforming and the maximum received power based autonomous users association prevent the establishment of optimal WiGig concurrent links that maximize the total system throughput in random access scenarios. In this paper, we formulate the problem of WiGig concurrent transmissions in random access scenarios as an optimization problem, then we propose a Wi-Fi/WiGig coordination architecture to solve it. The proposed coordinated Wi-Fi/WiGig WLAN is based on a tight coordination between the 5 GHz (Wi-Fi) and the 60 GHz (WiGig) unlicensed frequency bands. By which, the wide coverage Wi-Fi band controls the establishment of the WiGig concurrent links.
I. INTRODUCTION
A wireless gigabit (WiGig) indicates the multi-Gbps wireless transmissions in the 60 GHz unlicensed frequency band. IEEE 802.11ad [1] is the currently proposed standard for WiGig transmissions. IEEE 802.11ad defines the use of multi-band (2.4, 5 and 60 GHz) access points (APs) for backward compatibility with legacy IEEE 802.11 a, b, g, and n and to perform fast session transfer (FST) among them. The 60 GHz band suffers from high propagation loss, oxygen absorption and shadowing effect requiring a high directional antenna to overcome these sever channel losses and accomplish data transmission. Accordingly, IEEE 802.11ad defines a MAC based analog beamforming mechanism based on exhaustive searching using switched antenna array to find out the best TX/RX beam directions for a WiGig link and realize user association based on maximum received power.
Due to its small coverage, a numerous number of WiGig APs should be installed in future multi-Gbps WLANs to provide multiGbps transmissions for all users inside the WLAN. This can be easily realized using WiGig concurrent transmissions enabled by spatial multiplexing inherent in WiGig directional transmissions [2] . However, establishing optimal concurrent links that maximize the total system throughput in random access scenarios cannot be guaranteed using the currently standardized WiGig APs, i.e., using IEEE 802.11ad with distributed coordination function (DCF). This comes from the autonomous exhaustive search beamforming and the autonomous maximum received power based user association. In random access scenarios using CSMA/CA, the carrier sense (CS) function of a WiGig AP might not indicate the medium busy due to the predominant nature of directional transmissions and receptions. Accordingly, an AP may perform the exhaustive search beamforming while its nearby APs are involved in directional data transmissions. This will cause a lot of packet collisions and interferences to the existing WiGig data links. In addition, due to the randomness inherent in the arrival times of users' packets, WiGig concurrent links are randomly established. As users are autonomously associated based on maximum received power, high mutual interferences occur between these randomly established links. Due to this nonoptimality in establishing the WiGig concurrent links in random access scenarios, the total system performance in terms of total system throughput and average packet delay will be highly degraded as we increase the number of autonomously operated WiGig APs.
In this paper, we formulate the problem of WiGig concurrent transmissions in random access scenarios as an optimization problem. In which, we assume that any WiGig AP can establish the concurrent link with the user equipment (UE) in its current transmission opportunity (TXOP) as long as the maximum received power from the AP is sufficient for data transmission. The main target of the optimization problem is to find out the best AP among the candidate un-used APs and the best beam ID (direction) to establish the link with the UE without making any interference to the existing data links while maximizing the total system throughput. To practically solve this optimization problem, in this paper we propose a coordinated Wi-Fi/WiGig WLAN. In which, the wide coverage Wi-Fi (5 GHz) band is used to send control frames required for establishing and managing the low interference WiGig concurrent links. Control frames transmitted by Wi-Fi signaling include frames used to coordinate the beamforming training among the candidate un-used APs. Thus, only one candidate AP can perform the beamforming training at a time. Hence, packet collisions due to simultaneous beamforming training can be effectively eliminated. Also, control frames containing existing links information such as the used APs, the used beam identifications (IDs), the used modulation coding scheme (MCS) indices and the received powers are also broadcasted via Wi-Fi signaling. Therefore, candidate APs can effectively exclude beam IDs (bad beams) that might collide/interfere with the existing data links before conducting Ehab Mahmoud Mohamed, 1, 3, 4 Kei Sakaguchi, and 1 beamforming training. This enables the best candidate AP to establish the concurrent link with the UE without causing any interference to the existing data links while maximize the total system throughput as the main target of the optimization problem.
To practically solve the problem of finding out the best candidate APs among the un-used ones and effectively estimate their bad beam IDs, a solution based on statistical learning is proposed in this paper. The proposed approach is based on using Wi-Fi/WiGig fingerprints as that we proposed in [3] [4] . The idea behind this technology is that we can roughly identify the location of a UE by using Wi-Fi channel information measured by multiple APs that is called fingerprint. Since the best candidate APs to establish the link and the best beam ID to be selected are both location dependent. Therefore, finding the best candidate APs and their best communicating beam IDs can be easily estimated if we have a database (DB) to make link between Wi-Fi fingerprints and WiGig best beam IDs. Based on this statistical learning DB, in real-time phase, by just comparing the currently measured UE WiFi fingerprint with the DB, the best candidate APs and a group of best sector IDs (beams) can be estimated for each selected AP to effectively communicate with the UE at its current position. Among these estimated best beams, the beam IDs overlapping with the existing WiGig data links are recognized as bad beams and eliminated from the beamforming training process. These bad beams can be easily estimated using the pre-constructed DB [4] .
Via numerical simulations, the proposed coordinated WiFi/WiGig WLAN highly outperforms the IEEE 802.11ad based one and maximizes the performance of WiGig WLANs in random access scenarios.
The rest of this paper is organized as follows; Section II formulates the optimization problem. The proposed coordinated Wi-Fi/WiGig WLAN including the proposed dual band MAC protocol is presented in Sect. III. The performance of the proposed WLAN is analyzed in Sect. IV via numerical simulations. Section V concludes this paper.
II. OPTIMIZATION PROBLEM FORMULATION
Suppose that there are M APs installed in the WLAN area, and APs are currently used in establishing existing data links. Also, suppose that there is a TXOP for user , and we want to find out the best AP among candidate un-used APs ( ) and its best beam direction that can establish the link with user without causing any interference to existing links while maximizing total system throughput. ( ) is a subset of total un-used APs domain ℂ , i.e., ( ) ⊆ ℂ . This optimization problem can be formulated as:
where ( ) indicates the data rate of an existing link between AP m and user n using beam ID , and ( ) is the data rate given to user k if it is linked to candidate AP a using beam ID .
( ) can be defined as: where ( ) is the achievable transmission rate in bps for user n from AP m using beam ID , and is the traffic load of user n in bps. In (2), if the achievable rate is higher than the traffic demand, the user rate is peaked by the traffic demand and vice versa.
( ) is directly related to the signal-to-interference pulse noise ratio (SINR) from AP m to user n using beam ID [4] . In the optimization equation, ( ) indicates the link establishment index, which means that if candidate AP a is selected as the best AP and is selected as its best beam ID to establish the concurrent link with user k at its current TXOP,
means that only one AP from all candidate APs ( ) and only one beam direction from all candidate beam directions ℬ can be selected to establish the concurrent link with user k. The second constraint
indicates that the selected link must not collide with any of the existing links by getting its MCS value after establishing the concurrent link ( ) ( ) =1 be less than its value before establishing the link ( ) . The final constraint ( ) =1 ≥ 1 means that the MCS value of the selected link should be higher than or equal to the lowest MCS required to accomplish data transmissions which is equal to 1 [1] . As it is clearly shown, the optimal solution requires an efficient criterion to choose the best candidate APs from the un-used ones that can establish the link with user . Also, it requires a way to organize the process of beamforming training among candidate APs in random access scenarios. Thus, collision free beamforming training among candidate APs can be guaranteed. Also, it requires that the information of current existing data links including the used APs, the used beam IDs and the used MCS values being distributed among installed APs. Thus, candidate APs can successfully eliminate beam IDs that can collide with existing links before starting their beamforming training. Finally, after candidate APs finalize the collision free beamforming training, the best candidate AP and the best beam ID that maximize the total system rate are chosen to establish the concurrent link with the UE. In this paper, we propose a coordinated Wi-Fi/WiGig WLAN to practically fulfill the constraints of the optimization problem and solve it in a distributed manner using random access. Fig. 1 shows the system architecture of the proposed WLAN using Wi-Fi/WiGig tight coordination. In Fig. 1 Fig.1 is mainly used to associate the UEs to the WLAN and broadcast the signaling information required for enabling optimal 60 GHz (WiGig) concurrent transmissions with the constraints given in (1) . To prevent packet collisions with existing data links as a mandatory constraint of (1), the necessary information of the existing links such as the used APs, the used beam IDs and the used MCS values are broadcasted using Wi-Fi signaling. Therefore, candidate APs can exclude beam IDs (bad beams) that can collide with these existing links before starting beamforming training as shown in Fig.1 . In addition, Wi-Fi signaling is used to organize the beamforming operation among the candidate APs. Therefore, the candidate AP which intends to do beamforming training starts the random access process using the Wi-Fi band to prevent any other AP from doing beamforming until it finishes as shown in Fig.1 . To effectively estimate the best candidate APs and estimate their bad beam IDs, statistical learning is used. In the proposed statistical learning approach, the APC collects Wi-Fi received signal strength (RSS) and WiGig best sector ID fingerprints at arbitrary learning points (LPs) in the target environment, and it stores them as fingerprints DBs, see Fig.1 . In this paper, we use Wi-Fi RSS as a simple fingerprint of the Wi-Fi signal; other WiFi fingerprinting methodologies can be easily used without any modifications to the general approach [5] . Fingerprints collection is done in an offline phase, which is not repeated unless the transmit power or locations of the APs are changed, or the internal structure of the environment is changed. Then, the APC performs grouping and clustering on the collected Wi-Fi fingerprints to find out the best Wi-Fi fingerprint exemplars for each WiGig best sector ID. Also, the APC finds out the number of offline MCS values provided by each best sector ID via clustering the LPs covered by same best sector ID based on their received MCS values. In the online phase, after collecting and comparing the current UE Wi-Fi RSS readings with the pre-stored Wi-Fi RSS exemplars, the APC estimates groups of best beams from all unused APs that can communicate with the UE at its current location. The un-used APs with the highest expected MCS values (highest offline MCS values) through their estimated best beams are recognized as the best candidate APs that can establish the link with the UE. Among the estimated best beams, the beam directions that may interfere with the existing links are excluded and recognized as bad beams, as shown in Fig.1 . These bad beams are easily estimated using the pre-constructed fingerprint DBs as given in [4] , and discussed through the following subsection. Fig. 2 shows the proposed dual-band MAC protocol, which is used for enabling optimal WiGig concurrent transmissions in random access scenarios using Wi-Fi signaling. In the proposed protocol, if a TXOP is assigned for a specific UE, the APC requests one of the un-used APs to sense the 5 GHz band using CS routine, and if the medium is free, it starts the backoff counter. If the counter reaches zero, it starts to send a Wi-Fi measurement request (Wi-Fi M. Req.) frame to the intended UE. Then, UE broadcasts a Wi-Fi measurement response (Wi-Fi M. Resp.) frame for measuring its current Wi-Fi RSS readings. A switch ON frame is sent to the UE from the un-used AP using its Wi-Fi interface to turn ON its WiGig interface if it is in a sleep mode. Based on its current Wi-Fi RSS readings and offline fingerprint DBs, the APC estimates a groups of best beams to communicate with the UE from all un-used APs. The APs with the highest expected MCS values (highest offline MCS values) are recognized as the best The APC also estimates groups of bad beams to make interference with the estimated best beams based on the offline records as explained in [4] . Then, the APC sends this information to the coordinated APs. After this preparation process, the highest priority AP (with the highest expected MCS) after excluding the bad beams starts the random access process in the 5 GHz band. If the backoff counter reaches zero, a NAVset frame is broadcasted by the AP using its Wi-Fi interface to prevent any other candidate AP from doing beamforming training in the 60 GHz band until it finishes. The NAVset frame contains the estimated time that the AP will take until it finishes the beamforming training process. After finalizing beamforming training using beam refinement protocol (BRP) frames and receiving the feedback (FBK) frame from the UE, the first priority AP checks the measured MCS value corresponding to the best communicating beam. If it is sufficient for data transmission, i.e., higher than MCS1, and higher than the expected MCS value of the second priority AP, the first priority AP will establish the link with the UE. In this case, a beam identification (BID) frame containing the actual best beam ID, the actually used MCS index and the actually received power is broadcasted by the AP using the 5 GHz band. By broadcasting the BID frame, other APs will consider the selected link as an existing link and use the broadcasted information when they accurately estimate their bad beams before starting beamforming training. After broadcasting the BID, the AP starts to send data frames to the UE using the estimated best beam in 60 GHz band. A handover is made to the second priority AP to start the beamforming training and try to establish the link if the first priority AP could not find a link with an MCS value sufficient for data transmission and higher than the expected MCS value of the second priority AP. In this case a NACK packet is transmitted from the first priority AP to inform that it fails to establish the link with the UE. Also, a handover is made during data transmission, if the link is blocked. In this case, a NACK packet is transmitted from the UE in the 5 GHz band to start the handover routine using the second priority AP. The process of handover is repeated as long as the NACK packet is sent. If there is no candidate which could establish the WiGig link with the UE, its TXOP will be handled using the WiFi band using FST as proposed by IEEE 802.11ad [1] .
III. PROPOSED COORDINATED WI-FI/WIGIG WLAN

A. Proposed WLAN Architecture and Dual Band MAC Protocol
B. Statistical Learning for Estimating the Best Candidate APs and Their Best and Bad Beams
In this subsection, we propose to use the statistical learning approach proposed in [3] [4] in estimating the best candidate APs and their best and bad beams. The statistical learning approach consists of two phases; the offline phase and the online phase.
1) Offline Phase
The first step in the offline statistical learning phase is to construct the 5 GHz and 60 GHz radio maps for target environments. Constructing the radio maps can be effectively done by collecting the average Wi-Fi RSS readings and the information related to WiGig APs best sectors IDs (fingerprints) at arbitrary LPs in the target environment. Therefore, four databases are constructed as radio maps, i.e., the Wi-Fi fingerprint DB , the best sector ID DB , the offline received power DB , and offline MCS DB which are defined as: 
where is the Wi-Fi RSS fingerprint at AP m from a UE located at LP l. L is the total number of LPs, and M is the total number of APs.
is the WiGig best sector ID at LP l, which corresponds to the antenna sector ID of AP m which maximizes the received power by a UE located at LP l .
can be calculated as:
where indicates sector ID of AP m, ℬ is the total number of sector IDs, and = * is the best sector ID at LP l from AP m that maximizes the received power ( ). A null sector ID in the matrix, i.e., = null, means that AP m cannot cover LP l. is the power received at LP l from AP m using best sector ID , and 11 11 is its corresponding MCS index. Clustering is applied on the Wi-Fi fingerprints corresponding to the same best sector ID to reduce the complexity of Wi-Fi fingerprints matching in the online phase. This can be done by finding out the best WiFi fingerprint exemplars * , ∈ {1,2, … , * } for each best sector ID * , where * is the total number of Wi-Fi fingerprint exemplars (clusters) for * . Then, we find out the offline MCS values achieved by each best sector ID * . This can be done by clustering the LPs covered by the same best sector ID based on their received offline MCS values using matrix to obtain * ( ), ∈ {1,2, … , * } , where * is the total number of offline MCS values achieved by best sector ID * . The details of clustering is given in [3] .
2) Online Phase
During this phase, the online Wi-Fi fingerprint vector from the target UE, at an arbitrary position r, is measured by the APs and collected by the APC.
is defined as:
Using , , , ,,and, ,, the APC, selects the best candidate APs from un-used ones that can establish the link with the UE at its current TXOP. This can be done by first estimating the best beams to communicate with the UE from all un-used APs as follows [4] 
where * is the group of best beams for un-used AP m to communicate with the UE at its current position, and (6) is evaluated for ∀ ∈ ℂ . After evaluating * , the APC selects the best candidate APs ( ) expecting to have the highest MCS values when communicating with the UE. This can be done by selecting the group of APs with the highest offline MCS values using the pre-evaluated * , as follows:
After estimating ( ) , a priority is given to each candidate AP ∈ ( ) by the APC based on its maximum offline MCS value. The APC distributes the information of best candidate APs, their priorities, their best beams, a pre-estimate of bad beam candidates that can collide with them by following the method given in [4] and the offline DBs among the deployed APs. Then, the candidate APs ( ) start to eliminate the bad beams that may interfere with the existing links using the information previously broadcasted by the currently used APs via BID frames. The bad beams elimination is following the constraint given in (1) , we follow the strict rule given in [4] . In which, candidate AP a tests the condition for all overlapped LPs that are covered by both * and * in the matrix. If any of the overlapped LPs satisfies this condition, candidate AP a will consider * as a bad beam. The calculation of ( * ) ( * ) is based on calculating the SINR of overlapped LPs using matrix as given in [4] . After eliminating the bad beams, candidate APs starts beamforming training based on their priority and the handover decisions to establish the WiGig concurrent link with the UE.
IV. SIMULATION ANALYSIS
In this section, we test the efficiency of the proposed coordinated Wi-Fi/WiGig WLAN for optimally establishing the WiGig concurrent links and maximizing the total system throughput compared to that using the autonomously operated IEEE 802.11ad APs with DCF. Fig. 4 shows a ray tracing simulation area of an indoor office environment. The detailed MAC specifications given in IEEE 802.11ad and IEEE 802.11 standards are simulated, and the steering antenna model defined in IEEE 802.11ad [1] are used as the transmit antenna directivity in the 60 GHz band. Table I gives critical simulation parameters. In the conducted simulations, we concern in measuring the total system throughput [Gbps], which is defined as a sum of throughputs for all successfully delivered packets, and the average packet delay, which is defined as the average time period from the instant when a packet occurs to the instant when the UE completes the reception of it.
A. Simulation Area and Simulation Parameters
B. Simulation Results
Figs 4 and 5 show the total system throughput and the average packet delay. In these figures, we compare the performance of the proposed coordinated Wi-Fi/WiGig WLAN with that of the IEEE 802.11ad DCF based WLAN.
In case of single AP, the proposed coordinated Wi-Fi/WiGig WLAN reduces the average packet delay by more than 15% compared to IEEE 802.11ad DCF WLAN. This is because, the statistical learning approach used in the proposed WLAN enables the use of a beamforming mechanism which is faster than the exhaustive search beamforming used in IEEE 802.11ad DCF. This reduction in average packet delay results in increasing the total throughput as shown in Fig. 4 .
As we increase the number of used APs, the total throughput of legacy IEEE 802.11ad DCF WLAN is not highly increased even when all 8 APs are operated. This comes from the non-optimality in establishing the WiGig concurrent links due to the uncoordinated exhaustive search beamforming and the maximum power based autonomous users association which cause a lot of packet collisions and interferences in the WLAN. These packet collisions/interferences also affect the average packet delay. On the other hand, using the proposed coordinated Wi-Fi/WiGig WLAN, as we increase the number of used APs, the average total throughput is almost linearly increased. By using 8 APs, about 5-time increase in total system throughput and 6-time decrease in average packet delay are obtained using the proposed coordinated Wi-Fi/WiGig WLAN compared to using IEEE 802.11ad DCF WLAN. This comes from the optimality in establishing the WiGig concurrent links in random access scenarios of which function cannot be provided by IEEE 802.11ad DCF WLAN.
V. CONCLUSION
In this paper, we proposed an efficient WiGig WLAN based on Wi-Fi/WiGig tight coordination to optimally establish WiGig concurrent links in random access scenarios. The wide coverage Wi-Fi band was used to transmit the signaling information required for establishing and managing the WiGig concurrent links. Statistical learning was proposed to efficiently select the best candidate APs and their best and bad beams. We gave the system architecture of the proposed WLAN in addition to the dual band MAC protocol that organizes the medium access inside the WLAN. Using 8 APs, about 5-time increase in total system throughput and 6-time decrease in average packet delay were obtained using the proposed coordinated Wi-Fi/WiGig WLAN over using IEEE 802.11ad DCF WLAN.
